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On-surface Synthesis and Characterization of Triply-fused 
Porphyrin-graphene Nanoribbon Hybrids 
Luis M. Mateo+, Qiang Sun+, Shi-Xia Liu, Jesse J. Bergkamp, Kristjan Eimre, Carlo A. Pignedoli, 
Pascal Ruffieux, Silvio Decurtins,* Giovanni Bottari,* Roman Fasel,* and Tomas Torres* 
Abstract: On-surface synthesis offers a versatile approach to 
fabricate novel carbon-based nanostructures that cannot be 
obtained via conventional solution chemistry. Within the family of 
such nanomaterials, graphene nanoribbons (GNRs) hold a 
privileged position due to their high potential for a variety of 
applications. One of the key issues for their application in 
molecular electronics lies in the fine-tuning of their electronic 
properties through structural modifications, such as heteroatom 
doping or the incorporation of non-benzenoid rings. In this context, 
the covalent fusion of GNRs and porphyrins (Pors) represents a 
highly appealing strategy. In this work, we present the selective 
on-surface synthesis of a Por-GNR hybrid, which consists of two 
Pors connected by a short GNR segment. The atomically precise 
structure of the obtained dimer has been unambiguously 
characterized by bond-resolved scanning tunneling microscopy 
(STM) and noncontact atomic force microscopy (nc-AFM). The 
electronic properties of the dimer have been investigated by STS 
in combination with DFT calculations, which reveals a low 
electronic gap of 0.4 eV. 
Introduction 
During the last decade, on-surface synthesis has emerged as a 
powerful tool for the fabrication of novel nanomaterials.[1] Using 
this strategy, specific architectures are directly formed on solid 
surfaces via the covalent coupling of suitably designed precursors 
containing reactive units at specific positions of their molecular 
skeleton. The underlying surface, far beyond being a mere 
physical support, provides a two-dimensional (2D) confinement 
for the reactants, and selectively activates reaction pathways that 
are often not accessible by more “conventional” homogeneous or 
heterogeneous synthesis.[2] Additionally, and in contrast to the 
latter synthetic methods, on-surface synthesized nanostructures 
can be directly accessed by various surface-sensitive techniques 
such as scanning probe microscopy (SPM) allowing for a detailed 
“in situ” structural and electronic characterization of reactant, 
intermediate and product species with molecular or even 
chemical bond resolution.[3] 
Since the seminal work by Grill and co-workers, demonstrating 
the successful on-surface covalent coupling of brominated 
porphyrins (Pors),[4] a number of nanostructures have been 
constructed using dehalogenative (Ullmann-type) coupling and 
other types of surface-assisted reactions.[5] Among the on-surface 
synthesized nanoarchitectures or molecules reported to date, 
low-dimension carbon-based conjugates constitute a particularly 
interesting class of materials. Thanks to their planar structure and 
highly π-delocalized electronic nature, they exhibit appealing 
properties for various technological applications.[6] Among others, 
graphene nanoribbons (GNRs) have gained a prominent position. 
Firstly reported in 2010,[7] atomically precise GNRs have been 
obtained by surface-assisted Ullmann-type polymerization and 
subsequent cyclodehydrogenation[8] of dibromo-substituted 
molecular precursors. Since then, GNRs with varying width,[9] 
GNR heterostructures,[10] and more recently, GNRs with zigzag 
edge topology[11] or with topological electronic quantum phases[12] 
have been fabricated through structural variations of the bromo-
substituted precursors. 
Remarkably, these GNRs present electronic properties that can 
be largely altered, by varying their topology, edge structure, and 
width.[13] A complementary approach to modify the electronic 
properties of GNRs is to “dope” them with heteroatoms such as 
nitrogen[14] or to include fused five-membered rings in their 
structure.[15] In this context, an interesting yet poorly explored 
strategy is fusing GNRs with molecular species that contain both 
five-membered rings and heteroatoms in their structures. Among 
the building blocks that fulfil these requirements, Pors stand out 
as ideal candidates due to their four pyrrolic units (i.e., nitrogen-
containing, five-membered rings), planar geometry and aromatic 
nature, rich redox chemistry, unique optoelectronic features and 
excellent long-range charge transport abilities.[16] 
Interestingly, their electron transport ability, mainly explored in 
conjugated Por oligomers and polymers,[17] significantly depends 
on the type of inter-ring connection.[18] While connecting Pors 
through their meso positions with alkyne bridges results in 
moderate electronic communication between the macrocycles,[19] 
directly linking them through multiple covalent bonds, as in the 
case of triply-fused (i.e., connected at their meso-meso, -, - 
positions) Por nanotapes,[20] produces stronger electronic 
conductivity. These latter conjugates have shown excellent 
electronic properties and a significant reduction in the highest 
occupied molecular orbital (HOMO)− lowest unoccupied 
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molecular orbital (LUMO) gap upon increasing their length,[21] with 
some of the smallest gaps reported for organic compounds,[22] 
which makes them interesting molecular platforms to be used as 
molecular wires. 
In this context, the realization and study of hybrid nanostructures 
constituted by “fused” Por and GNR fragments would be highly 
desirable and could, for instance, allow for the design of low-
bandgap termini of GNRs for improved contacts in device 
integration. Additionally, the rich coordination chemistry of 
Pors[16b] would allow the realization of hybrid structures with 
controlled positioning of metal atoms along the GNR backbone. 
To the best of our knowledge, only few examples of “interfacing” 
GNRs with porphyrinoids have been reported to date.[23] One such 
hybrid[23a] consists of polymeric Por-GNR nanostructures 
obtained by on-surface Ullmann-type cross-coupling reaction 
between a dibromodianthracene derivative and a 
tetra(bromophenyl) FePor. However, the different reactivity and 
number of reactive units of the two co-deposited bromo-
substituted precursors lead to a lack of control over important 
aspects in the Por-GNR polymer growth. In particular, the 
polydispersity, overall morphology, number of GNR “arms” fused 
around the Por core, or the symmetry of the resulting Por-GNR 
hybrid could not be controlled. 
In the attempt to overcome some of these limitations, we report 
here the on-surface synthesis of a discrete and structurally-
precise Por-GNR hybrid (1) formed via Ullmann-type coupling and 
subsequent cyclodehydrogenation of a suitably designed free-
base Por precursor bearing a bromodianthryl moiety (2) (Scheme 
1). The formation of triply-fused Por-GNR conjugate 1 was 
unambiguously demonstrated by high-resolution scanning 
tunneling microscopy (STM) and bond-resolved non-contact 
atomic force microscopy (nc-AFM) imaging. Hybrid 1 possesses 
a fully planar and -conjugated structure resulting from the 
surface-catalyzed formation of 23 new C-C bonds (highlighted in 
red in Por-GNR 1, Scheme 1). The electronic properties of 1 were 
characterized by scanning tunnelling spectroscopy (STS), 
showing the electronic orbitals originating from the GNR and the 
Por moieties. The experimental results are complemented by 
density functional theory (DFT) calculations performed with the 
CP2K code[24] within the AiiDA platform[25] (see Supporting 
Information for computational details). 
Results and Discussion 
Synthesis and X-ray Diffraction Studies of Por 2. The synthetic 
route to Por precursor 2 is described in Scheme 1. 9,10-
anthraquinone (3) was reduced and dimerized with Zn under 
strongly acidic conditions to give dianthracene 4, which was then 
brominated with N-bromosuccinimide (NBS) to give compound 
5.[26] Lithiation of the latter compound with n-BuLi and subsequent 
nucleophilic quenching with N,N-dimethylformamide gave the 
formylated dianthryl derivative 6 in a moderate yield, which was 
further brominated with NBS to obtain the aldehyde precursor 7. 
Aldehyde 7 was then reacted with 2,6-dimethylbenzaldehyde in a 
statistical mixed aldehyde condensation reaction under classical 
Lindsey conditions[27] to give the target Por precursor 2 in 6% yield 
after chromatographic purification. The low yield is justified by the 
low reactivity of 7 in comparison with 2,6-dimethyl-benzaldehyde, 
which further lead to the formation of a considerable amount of 
tetra(dimethylphenyl)Por as side-product. 
Scheme 1. Synthetic route to triply-fused Por-GNR hybrid 1.a  
a For the sake of clarity, only one of the possible resonance structures of Por-
GNR 1 is shown. Additional resonance structures can be found in Figure S1.31. 
Por monomer 2 and all its precursors were characterized by 1H 
and 13C NMR, high-resolution mass spectrometry, and UV-Vis 
spectroscopy (see Section 1 in the Supporting Information). 
Moreover, in the case of 2, single crystals suitable for X-ray 
diffraction analysis were obtained by slow evaporation of a 
chloroform solution of this Por (Figure 1). 
 
Figure 1. (a) Top and (b) side view (with respect to the Por macrocycle) of the 
X-ray crystal structure of Por 2. Carbon atoms are in light grey, nitrogen atoms 
in light blue, bromine atom in orange, and hydrogen atoms in white. Chloroform 
molecules of crystallization have been omitted for clarity. Pyrrolic N-H hydrogen 
atoms are shown with 50% occupancy due to tautomerism. 
An interesting feature of the crystal structure of 2 is the almost 
orthogonal arrangment adopted by the vicinal Por/anthryl and 
anthryl/anthryl subunits (i.e., 89º and 78º, respectively). A similar 
arrangment is observed between the central Por core and the 
three peripheral 2,6-dimethylphenyl moieties. The highly non-
planar structure of 2 is beneficial both for wet and on-surface 
chemistry. Firstly, it hampers the π-π stacking and increases the 
solubility, thus facilitating its purification and unambiguous 
characterization. Secondly, and more importantly, it provides a 
staggered geometry once deposited on Au(111), facilitating the 
on-surface Ullmann-type coupling reaction (vide infra).[28] 
A Por analogous of 2 bearing one instead of two anthryl moieties 
(8) has been also synthesized as reference and its surface-
assisted coupling leading to the formation of Por-GNR hydrid 9 
a) b)
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investigated (see Supporting Information for its structural and on-
surface characterization). 
On-surface Reaction and Electronic Characterization. Prior to the 
on-surface reaction, the absorption of Por 2 on the Au(111) 
surface at room temperature was studied. As shown in Figure 2a, 
the molecules preferentially decorate the elbow sites of Au(111) 
and start to aggregate with increasing coverage. The close-up 
STM image of an individual Por 2 reveals a non-planar 
configuration of the molecule with an apparent height of ~4 Å 
(Figure 2b). This finding is also supported by DFT calculation of 
Por 2 on Au(111) which shows a distorted geometry between the 
vicinal Por/anthryl and anthryl/anthryl subunits (Figure 2d). 
Notably, the middle anthryl subunit, marked by an arrow in Figure 
2d, has one peripheral benzene ring lifted farthest from the 
surface as a result of the steric hindrance between the 
neighboring anthryl and Por subunits. The corresponding STM 
simulation of Por 2 (Figure 2c) allows for a direct comparison with 
the experimental STM image (Figure 2b), which shows a very 
good match. Especially, the middle anthryl unit shows the highest 
contrast in excellent agreement with the experimental results. The 
dihedral angle between the two anthryl subunits of Por 2 on 
Au(111) is promising for the subsequent on-surface Ullmann-type 
dimerization. 
 
Figure 2. On-surface synthesis of Por-GNR hybrid 1. (a) STM image after 
deposition of Por 2 on Au(111) held at room temperature (Vs = –2.1 V, It = 0.02 
nA). (b) High-resolution STM image of Por 2 (Vs = –0.1 V, It = 0.3 nA) and (c) 
the corresponding STM simulation. (d) Top and side views of the DFT optimized 
geometry of Por 2 on Au(111). The blue arrows in (b), (c) and (d) indicate one 
peripheral benzene ring lifted farthest from the surface. (e) STM image of the 
sample after annealing to 350 ºC. (f) The close-up STM image of Por-GNR 
hybrid 1 (Vs = –0.5 V, It = 0.02 nA). The corresponding (g) bond-resolved nc-
AFM image and (h) the simultaneously acquired current image (Vs = –5 mV, 
oscillation amplitude: ~80 pm). 
The on-surface reaction was triggered by a two-step annealing 
process at 200 and 350 ºC, leading to the Ullmann-type C-C 
coupling and cyclodehydrogenation, respectively.[6b, 7-8] The 
cyclodehydrogenation temperature was kept below 360 ºC to 
avoid intermolecular dehydrogenative C-C coupling at high 
temperatures.[29] As shown in Figure 2e, the target Por-GNR 
hybrid 1 was successfully formed on the surface with a yield of 
~30%. The close-up STM image of the hybrid 1 shows an 
apparent height of 1.8 Å, in good agreement with other graphene-
based structures on surfaces (Figure 2f).[6b, 7-8] Bond-resolved 
non-contact atomic force microscopy (nc-AFM) successfully 
confirms the chemical structure of Por-GNR hybrid 1 (Figure 2g). 
Moreover, the simultaneously acquired constant-height current 
measurement (‘CO STM imaging’) displays a similar bond-
resolved high-resolution image of the dimeric structure (Figure 
2h). It is notable that some of the Pors are self-metalated with gold 
adatoms on the surface, which is reflected by an increased 
apparent height in the cavity of the Pors.[30] In the following, 
however, we focus on non-metalated Pors.  
 
Figure 3. Electronic properties of Por-GNR hybrid 1. (a) STM image of Por-
GNR 1 (Vs = 0.4 V, It = 0.5 nA) and (b) differential conductance dI/dV spectra 
taken at the positions indicated by crosses with corresponding colors in (a). Four 
prominent peaks around the Fermi level are highlighted by arrows. (c) Constant-
current differential conductance maps recorded at the energies of the four 
prominent peaks. (d) Corresponding DFT-calculated LDOS maps of Por-GNR 
hybrid 1. 
The electronic structure of Por-GNR hybrid 1 was studied by 
means of differential conductance (dI/dV) spectroscopy, giving 
access to its local density of states (LDOS). As shown in Figures 
3a and 3b, point spectra taken at different positions of Por-GNR 
hybrid 1 reveal the presence of several peaks around the Fermi 
level. These correspond to the frontier molecular states of 1, 
which are marked by arrows in Figure 3b. Spatially resolved dI/dV 
mapping, acquired at the corresponding bias voltages, was used 
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to further identify these molecular states (Figure 3c). From the 
dI/dV mapping, it can clearly be seen that the two occupied states 
(–0.9 and –1.0 V) mainly originate from the quateranthene 
segment within Por-GNR hybrid 1, while two unoccupied states 
(0.4 V and 0.8 V) result from the Por units. LDOS maps of the 
molecular states of 1 were simulated using DFT calculations in 
gas phase. The excellent matching of their overall shape with the 
experimental counterparts (Figures 3d and S2.1) suggests weak 
hybridization of molecular states with the substrate and thus 
allows comparing the energy levels of the calculated LDOS maps 
with the experimental ones. It is found that the map measured at 
0.4 V is indeed related to HOMO of Por-GNR hybrid 1 and the one 
at –0.9 eV originates from the HOMO-1. This indicates a relatively 
large energy level re-alignment upon adsorption of dimer 1 on the 
Au(111) surface, with the gas phase HOMO becoming fully 
unoccupied due to charge transfer to the metal substrate.[31] 
Assuming negligible energy level renormalization, we can thus 
extract a (substrate screened) HOMO-LUMO transport gap of 0.4 
eV of dimer 1 on Au(111), which is much lower than the 2.4 eV[32] 
of the surface-supported armchair GNR (AGNR) with a width of 7 
carbon atoms (7AGNR). As a reference, the (optical) gaps of 
anthryl-fused Pors in solution are ~ 1.2, 0.77 and 0.61 eV for 
one,[33] two,[34] and four[35] anthryl units, respectively. 
In addition to Por-GNR hybrid 1, some non-coupled yet 
cyclodehydrogenated molecules were observed after the on-
surface reactions (Figures 2e and 4). From the bond-resolved nc-
AFM image, the dehalogenated, singly hydrogenated, and fully 
cyclodehydrogenated analogue of Por 2 can clearly be resolved 
(Figure 4b). This structure bears a special interest due to the 
existence of a zigzag end at the short 7AGNR segment, which is 
predicted to host a spin-polarized end state.[36] This end state of 
the 7AGNR on Au(111) features a finger-shaped LDOS pattern 
close to the Fermi level due to the fact that it is charged by the 
substrate.[36-37] In the constant-height CO-STM image acquired at 
a very small bias voltage (Figure 4c), the characteristic 7AGNR 
end state at the terminus of the planarized Por 2 is also observed, 
implying that the end state of 7AGNR does not hybridize with the 
Por unit. 
 
Figure 4. Structural characterization of dehalogenated, singly hydrogenated, 
and fully cyclized Por 2. (a) STM image (Vs = –0.2 V, It = 0.05 nA) of the fully 
planarized Por 2. The corresponding (b) nc-AFM image and (c) its 
simultaneously acquired current image (Vs = –5 mV, oscillation amplitude: ~80 
pm). 
To test the generality of the proposed synthetic route towards the 
preparation of Por-GNR hybrids, an analogous compound (i.e., 8) 
of Por 2, bearing one instead of two anthryl moieties, has been 
also synthesized. The surface-assisted coupling of 8 indeed leads 
to the formation of a Por-GNR hybrid (i.e., 9) with a shorter 
7AGNR segment (bisanthene) than Por-GNR hybrid 1 (see 
Supporting Information for more details). However, the overall 
reaction yield of Por-GNR dimer 9 is limited (less than 2%), which 
is tentatively attributed to steric hindrance (see Figure S2.5). 
Conclusion 
Herein, we report the surface-assisted synthesis of a novel Por-
GNR hybrid (1) prepared by Ullmann-type coupling and 
subsequent cyclodehydrogenation reaction of an anthryl-
substituted Por precursor (2) on Au(111), which was identified by 
high-resolution STM and nc-AFM imaging. The electronic 
structure of Por-GNR hybrid 1 was studied by dI/dV spectroscopy, 
proving the hybrid’s fully π-conjugated nature. Using DFT 
calculations, the LDOS maps were simulated confirming the 
interpretation of the experimental data. Through these LDOS 
simulations, the electronic states have successfully been 
assigned, revealing a HOMO-LUMO gap of 0.42 eV for the hybrid 
1, which is much lower than solid-supported pristine 7AGNRs and 
significantly lower than anthryl-fused Pors in solution.  
The presented work opens new pathways towards the 
preparation of further Por-GNR hybrid architectures. Some 
pathways of interest would be (i) the elongation of the GNR 
“spacer” to achieve Por “capped” GNRs with different lengths, and 
(ii) utilizing the metal complexation capabilities of Por 
macrocycles to produce Por-GNR hybrid materials doped with 
transition metals such as Zn, Cu, Co or Fe. Such modifications 
are expected to have a strong impact on the electronic/magnetic 
properties as well as charge transport capability of the resulting 
Por-GNR hybrids. 
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